Introduction
The double helix of DNA is Nature's simple and elegant solution to the problem of storing, retrieving, and communicating the genetic information of a living organism. DNA has many important characteristics that allow it to perform these functions. Two of the most important properties are the specificity and the reversible nature of the hydrogen bonding between complementary nucleobases, properties which allow the strands of the double helix to be unwound and then rewound in exactly the same configuration.
The field of life science realized early on the important implications of these traits. If specific, single strands of DNA could be synthesized, then the base sequences of genes could be studied and manipulated using these defined molecules. With the advent of efficient chemistries for DNA/RNA synthesis including automated instrumentation, these opportunities became reality. Synthetic oligonucleotides are now indispensable tools for life scientists, with many applications in molecular biology, genetic diagnostics, and most likely also soon in medicine.
PNA ( Figure 1 ) was originally designed as a ligand for the recognition of double stranded DNA (73) . The concept was to mimic an oligonucleotide binding to double stranded DNA via Hoogsteen base pairing in the major groove (1) (2) (3) . Thus the nucleobases of DNA were retained, but the deoxyribose phosphodiester backbone of DNA was replaced by a pseudo-peptide backbone that according to computer model building was homomorphous with the DNA backbone. In theory a neutral (peptide) backbone should improve the triplex binding capability of the ligand, and we believed that the pseudo-peptide backbone was a good chemical scaffold that would allow us to design recognition moieties that went beyond homopurine targets.
It was, however, apparent that the PNA we designed for triplex formation would also be a mimic of single stranded nucleic acids by default. Although, it was impossible to imagine all the properties and applications that could be developed based on the neutral backbone, it was intriguing for us to attempt to make a water soluble mimic of an oligonucleotide with a neutral backbone. The potential of the resulting structure as an antisense agent and as a molecular biology tool was obvious although abstract at the point of conception.
The pursuit of a neutral backbone drove the design, and the leap to peptide (or amide) chemistry was easy because of the well-established robustness and flexibility of solid phase peptide synthesis (SPPS) technology. During the early stages of the design many structures were considered. However, by applying additional criteria for the structure such as, rigidity, water solubility and not at least chemical accessibility, we eventually zeroed in on the structure now known as PNA (1) (2) (3) (4) (5) . We coined the name Peptide Nucleic Acid to emphasize their synthesis (SPPS) as well as their obvious relationship to nucleic acids, despite the fact that PNA in a formal sense is neither a peptide nor a nucleic acid.
The very first experiments conducted with homo-thymine PNAs clearly demonstrated that these bound sequence-specifically to double stranded DNA (1). We soon realized that two homothymine PNAs had formed a triplex with the homoadenine target in the double stranded DNA, while displacing the homothymine strand in the DNA target ( Figure 2 ) (1, 6, 7). Later it was found that PNAs with both purine and pyrimidine bases form very stable duplexes with DNA and RNA, although not with the extremely high stability of the homo-pyrimidine 2PNA/DNA triplexes, but still more stable than the corresponding DNA/DNA and DNA/RNA duplexes (8) . With many properties that set them apart from traditional DNA analogs, PNAs have added a new dimension to synthetic DNA analogs and mimics in molecular biology, diagnostics, and therapeutics (73) .
The Structure and Properties of PNA
The structure of PNA is remarkably simple (Figure 1 ) consisting of repeating N-(2-aminoethyl)-glycine units linked by amide bonds. The purine (A, G) and pyrimidine (C, T) bases are attached to the backbone through methylene carbonyl linkages. Unlike DNA or DNA analogs, PNAs do not contain any (pentose) sugar moieties or phosphate groups. It was therefore a surprise that PNA in many respects mimiced the behavior of DNA, and in some applications demonstrated superior properties. By convention, PNAs are depicted like peptides, with the N-terminus at the first (left) position and the C-terminus at the right. Besides the obvious structural difference, PNA is set apart from DNA in that the backbone of PNA is acyclic, achiral and neutral. PNAs can bind to complementary nucleic acids in both antiparallel and parallel orientation ( Figure 2) . However, the antiparallel orientation is strongly preferred, and the parallel duplex has been shown to have a different structure. In this article PNA/nucleic acids duplexes always refer to the antiparallel complex.
The neutral character of the PNA backbone is an important feature that has many consequences. One of the most impressive is the stronger binding between complementary PNA/DNA strands than between complementary DNA/DNA strands at low to medium ionic strength. This is attributed to the lack of charge repulsion between the PNA strand and the DNA strand. Interestingly, not only is the affinity higher for PNA/DNA duplexes, but the specificity was also found to be higher. The Watson Crick base pairing rules are strictly observed in hybrids of PNA and nucleic acids. Furthermore, a mismatch in a PNA/DNA duplex is generally more destabilizing than a mismatch in a DNA/DNA duplex. Using a 15-mer PNA all possible single mismatch combinations (in a stretch of four bases in the middle of the sequences) were tested in corresponding PNA/DNA and DNA/DNA duplexes. In the PNA/DNA duplexes the average ∆T m was 15ºC, whereas the average ∆T m for the corresponding DNA/DNA duplexes was 11ºC. More important than the average is that the lowest measured ∆T m for the DNA/DNA duplex was 4ºC vs. 8ºC for the PNA/DNA duplex, i.e., the PNA is "twice" as discriminating in the case of the least discriminating basepair (8) . Analogous results have been obtained for PNA/RNA duplexes (9) , but a larger selection of sequences and sequence contexts naturally have to be included before firm general conclusions are drawn. Nonetheless, increased specificity appears to be an important property of PNA/nucleic acid duplexes, which can be exploited in many applications.
PNAs may be used in many of the same applications as traditional synthetic DNA or DNA analogs. However, the greatest contribution of PNAs may come from the development of new applications that cannot be performed using oligonucleotides.
The lack of electrostatic repulsion between the two strands in a PNA/nucleic acid duplex leaves the T m largely independent of salt concentration ( Figure 3 ) (8, 10) . This allows binding, in the absence of salt, of a PNA probe to a nucleic acid target despite the presence of competing secondary structure (11) . It is noticed from the curve that there is a significant difference at physiological salt, and that the T m s are essentially the same at sodium ion concentrations higher than 500 millimolar. The T m for PNA-DNA duplexes does not follow the same rules as for DNA/DNA duplexes. Although the T m correlates with the G-C content it is also highly dependent on the purine content of the PNA strand. In fact, a very useful empirical T m formula based on the T m predicted for the corresponding DNA/DNA duplex, and using correction factors for the purine content of the PNA and the length has been derived (12):
T m (pred) = c 0 + c 1 * T m (nnDNA) + c 2 * f pyr + c 3 * length in which T m (nn DNA) is the melting temperature as calculated using a nearest neighbour model for the corresponding DNA/DNA duplex applying ∆Hº and ∆Sº values as described by SantaLucia et al. (13) . f pyr denotes the fractional pyrimidine content, and length is the PNA sequence length in bases. The constants were determined to be c 0 = 20.79, c 1 = 0.83 c 2 = -26.13, and c 3 = 0.44 (12) .
The neutral backbone also increases the rate of hybridization significantly in assays where either the target or the probe is immobilized. There is therefore no repulsion between an incoming PNA probe and a mass of DNA or RNA in a Southern blot, northern blot or in situ hybridization experiment. This means that the rate of hybridization is much higher for PNA probes than for DNA and RNA probes in these applications. Typically a more than 10-fold reduction in hybridization times can be achieved when using PNA probes (73) . These observations are, however, only partly supported by direct measurements of PNA/DNA (or RNA) hybridization rates using the BIAcore technique, which suggest comparable rates for PNA and DNA (9) .
The three dimensional structure of four PNA complexes have been determined so far (Figure 4) . A hexamer PNA-RNA duplex (14) and an octamer PNA-DNA duplex (15) were solved by NMR methods, while an undecamer 2PNA/DNA triplex (16) and a hexamer PNA/PNA duplex (17) were solved by X-ray crystallography. It can be concluded from these structures, that PNA is able to adapt well to its nucleic acid partner, as the RNA strand in the RNA/PNA duplex is essentially in a A-form conformation, while the DNA strand in the PNA/DNA duplex adopts a B-like conformation. It is, however, equally clear that PNA prefers to adopt a helical conformation (named the P-form [16, 17] ) that is distinctly different from other nucleic acid helices. This conformation is dominating in the 2PNA/DNA triplex (16) , and is clearly seen in the PNA/PNA duplex which is a very wide helix (28 Å) with almost twice the pitch (18 base pairs per turn) of an A-or B-form helix (10-11 base pairs per turn).
It is tempting to regard PNA as a DNA analogue, but as it's chemical structure shows (Figure 1) , it is more correctly a protein and peptide like molecule, and working with PNA and when developing new procedures one should always keep this in mind. PNA has unique physico-chemical properties of its own and this fact can diligently be exploited when developing PNA techniques. Nonetheless, for most applications, PNA is a sequence information molecule just like DNA. In general PNA oligomers show good aqueous solubility, but some PNAs in certain buffers (especially phosphate) may pose solubility problems. This is particularly true for longer (>12 units) purine (G in particular) rich (higher than 60%) PNAs. In addition labels may aggravate (e.g., fluorescein or biotin) or alleviate the problem (e.g., rhodamine). Simple chemical modifications, such as including extra ethylene glycol linkers, most often very easily remedy this.
Backbone and Nucleobase Modifications
The backbone of PNA lends itself to further chemical modifications, e.g. the glycine unit can easily be envisaged substituted by all naturally occurring amino acids. One goal has been to test the limits of what the PNA structure will allow without compromising the hybridization properties of PNA. More interestingly can one tailor specific properties of PNA such as the mobility in an electrical field by adding negatively or positively charged amino acid side chains.
A large number of chemical modifications of the original aminoethyl glycine PNA backbone have been reported (18-25; Figure 5 ), with only a few appearing to have any practical interest. One of these is the lysine derived backbone (amino acid backbone of Figure 5 where R = -(CH 2 ) 4 -NH 2 ). Introducing a few lysine-based monomers into a PNA oligomer has been demonstrated to greatly increase the aqueous solubility (21) .
Only a few 'non-Watson-Crick' nucleobases have been studied in a 'PNA context' (26) (27) (28) (29) (30) (31) (Figure 6 ). However, one of them, pseudoisocytosine, which mimic N3-protonated cytosine, is indispensable for pH-independent recognition of DNAguanine in the Hoogsteen mode of triplex forming bis-PNAs (28), and is routinely used in bis-PNAs for recognition of double stranded DNA (vide infra). Another useful substitution is to use diaminopurine in place of adenine as this improve the T m of the PNA/nucleic acid duplex by up to 4ºC per substitution (26) .
Triplex Formation and bis-PNAs
The very first complex described with PNA was a 2PNA/DNA triplex (1). It was soon thereafter realized that, in general, homopyrimidine PNA form extremely stable triplexes that have sufficient stability to invade intact double stranded DNA ( Figure  2 ). Further studies revealed that 2PNA/DNA triplex formation follows the rules of homopyrimidine DNA triplex formation, i.e. preferably with an antiparallel Watson Crick duplex and a parallel bound Hoogsteen strand.
Even more stable triplexes can be formed when so-called bis-PNAs are employed, i.e. in which the Watson-Crick PNA strand is connected by continuous synthesis via ethylene glycol type linkers to the Hoogsteen PNA strand (28, 32) . The optimal constructs employ bis-PNAs where the cytosines in the Hoogsteen strand are replaced by pseudoisocytosine (J) (Figure 6 ), which has a hydrogen binding pattern that is equivalent to protonated cytosine, as this eliminates the requirement for a low pH (28) . An important consequence of linking the two PNA strands together is that strong hysteresis (>20ºC) observed in the melting curves of the 2PNA/DNA triplexes is reduced to a few degrees centigrade (32) . Typical T m 's for bis-PNAs are about 100ºC for a 10-mer and about 65ºC for a 7-mer. Whenever strand invasion is the objective, PNA clamps are almost exclusively used nowadays (73) .
In summary the bis-PNAs provide a tool for selectively targeting any short homo-purine sequence in intact double stranded DNA with very high specificity and efficacy. Many applications that exploit this have been developed (73) . formation with a single PNA Hoogsteen strand ( Figure 7A ) has been observed as a kinetic intermediate (34, 35) , and appears to require a high cytosine content of the PNA. However, such PNA-DNA-DNA triplexes are much less stable than the corresponding triplex invasion complexes, but are interesting in that this type of complex was the original goal of the PNA design. Finally it should also be mentioned that double duplex invasion complexes ( Figure 7D ) can be formed using pseudocomplementary PNA containing diaminopurine-thiouracil 'base pairs' that sterically destabilize the competing PNA-PNA duplex (30) . This in theory eliminates the restrictions that the Hoogsteen homopyrimidine motif imposes on sequences that can be effectively targeted (30) .
Strand invasion complexes require an opening of the DNA double helix, and their rate of formation is therefore quite slow and very sensitive to the presence of duplex stabilizing cations, such as Mg 2+ and spermine/spermidine, as well as medium concentrations of simple mono-cations (36, 37; Figure 8 ). Indeed, it is usually not possible to detect strand invasion at physiological salt concentrations using simple monomeric PNAs. However, by equipping the PNA with 3 or 4 positive charges (e.g. terminal lysines), the binding rate is increased three orders of magnitude, and such PNAs -especially as bis-PNAs -do invade duplex targets in the presence of physiological ionic strength (32) . Furthermore, such cationic bis-PNAs have retained the high sequence discrimination of the simple monomeric PNAs (38) . It is also worth noting that once formed, PNA triplex invasion complexes (with 10-mer PNAs or longer) are exceedingly stable (half-lives are counted in days) (32) , and also resistant to high ionic strength conditions (> 500 mM sodium chloride). Therefore, complexes may be pre-formed at low ionic strength (typically in 10 mM Tris-HCl, 1mM EDTA pH 7.4) and then transferred to a buffer preferred for enzymatic or other reactions (39-41).
As stated above, strand invasion binding kinetics are quite slow and dissociation kinetics are extremely slow. Therefore, in the time frame of most experiments (1-16 hrs), no significant dissociation occurs and a binding constant (K= ka/kd) is not operationally meaningful. Binding -and also sequence discrimination -is kinetically controlled (42) , and therefore binding efficiency is directly reflecting binding association rate.
In 
Antisense and Antigene Experiments
In theory PNA oligomers would be very strong candidates for effective antisense agents with their high affinity, high specificity, and their high stability in vivo. Furthermore, PNA oligomers exhibit little or no binding to serum proteins which may be an obstacle in the development of traditional oligonucleotide analogues as antisense agents. This is presumably due to the neutral backbone and this effect is also observed for example in in situ hybridization where PNA oligomers display very low binding to cellular debris (73) . Using in vitro translation assays several reports have demonstrated the ability of PNA to inhibit eukaryotic translation either by targeting duplex-forming PNAs to the initiation (AUG) region of the mRNA (e.g. [45] [46] [47] or by targeting (homopyrimidine) triplex forming PNAs to the coding region (45, 46) . PNA-RNA hybrids do not activate RNase H (45, 46) , and the inhibition therefore must rely on other mechanism(s) such as physical blocking of the ribosomes (46) or perhaps biological destabilization of Antisense experiments with cells in culture have been impeded by the inefficient membrane penetration (cellular uptake) of 'naked' PNAs (47, 48) , but have been demonstrated using cellular micro-injection technology (45, 47) . However, a breakthrough in these types of experiments can be expected soon through the use of PNA conjugates. Several cationic peptides -such as 'Antennepedia' and 'Tat' -were recently shown to act as carriers of even large proteins, and such peptides also appear at this point in time to work well as carriers of PNA (49) . Alternatively, PNA-lipid conjugates (e.g. to adamantyl) can be delivered to at least some cell-lines by cationic liposomes (50) . It is still too early to say how general these methods are, in terms of cell types and PNAs (sequence, length), but they do open new possibilities for pursuing PNA as an antisense agent. In a recent study clear antisense effects were demonstrated even with 'naked' PNA on an E. coli mutant (AS19) which is leaky towards PNA (51, 52, 73) .
In all antisense experiments (whether using PNA or traditional oligonucleotides), it is essential to include proper controls in the experiments. These should, at a minimum, include sequence non-related and scrambled PNAs. More convincingly, mismatched PNAs should exhibit decreased potency, reflecting the number of mismatches and hence the reduced binding. Furthermore, any effect must be dose dependent, and any claims of antisense induced phenotypic effects must be supported by molecular biological evidence of a PNA dose dependent decrease in protein level.
From the literature on oligonucleotide analogues as antisense agents, it seems a general trend that nerve cells -in particular from brain tissue -take up oligonucleotides more efficiently than do most other cells. In this context it is intriguing that Tyler et al. recently reported (53) behavioural effects in rats injected with PNAs directly into the brain. The PNAs were against neural receptors (mu and NTR-1) and the observed effects were consistent with antisense down regulation of the respective receptors. These results indicate that nerve cells (in the intact brain) take up (at least some) PNAs with adequate efficiency for an antisense action.
Preformed PNA triplex invasion complexes very efficiently accomplish transcription elongation arrest of both pro-and eukaryotic RNA polymerases when the template strand is targeted (40, 45) . It is, however, still an open question whether an antigene effect can be elicited in intact cells or whole animals. Besides the celluptake issue one also has to consider the ionic strength inhibition when targeting double stranded DNA (vide supra). However, as stated above, cellular processes may actually facilitate PNA binding, and recent results demonstrating a 10-fold increase in mutation frequency at a PNA target upon treatment of mouse cells with the corresponding PNA [cellular uptake was mediated by streptolysin] (54) may indeed reflect this.
Other cellular processes may also be interfered with using PNA. For instance, PNAs targeted to the RNA of telomerase are efficient inhibitors of this enzyme (55, 73) , PNA targeted to HIV RNA inhibits reverse transcription of this RNA (56) , and PNA targeted to certain sequences of ribosomal RNA are general inhibitors of translation and show bacteriostatic activity (51) . Furthermore PNAs are efficient inhibitors of DNA polymerase [replication] (57); and finally, but not least interestingly, PNA triplex invasion loops function as quite efficient promoters for transcription (58) and thereby open the (theoretical) possibilities of generating specific gene-activating drugs with the PNA functioning as a 'transcription factor mimic'.
PNA as Hybridization Probes
Early interest in PNA came from the field of antisense research and there was also significant interest in the ability of homopyrimidine PNA oligomers to perform strand invasion. Although both these areas have experienced significant progress, the bulk of the interest in PNA in the last few years has come from the use of PNA as a molecular hybridization probe. PNAs may be used in many of the same applications as traditional synthetic DNA or DNA analogs, but with the added benefits of tighter binding (especially at low ionic strength) and greater specificity. For instance, PNAs labeled with biotin, fluorescein, or reporter enzymes are powerful probes in most hybridization based assay formats where oligonucleotide probes are commonly used. However, the greatest contribution of PNAs may come from the development of new applications that cannot be performed using oligonucleotides.
The ability to bind to both DNA and RNA is a key feature of PNA, as compared to other analogs that tend to have a higher preference for binding to RNA. The majority of the analysis of nucleic acids is carried out at the DNA level and the high binding affinity of PNA to DNA is hence key to PNA's application in molecular biology research. The neutral backbone also increases the rate of hybridization significantly in assays where either the target or the probe is immobilized. This permits significantly faster and simpler techniques in most standard DNA analysis protocols (73) . Labeled PNAs can function as probes for membrane bound DNA and RNA, i.e. Southern and northern blotting. Probe binding is detected with chemiluminescence or fluorescence in exactly the same way as with labeled DNA probes. In Southern blotting PNA oligomers hybridize faster and withstand much higher washing temperatures, even under conditions where the T m 's in solution are comparable. Furthermore, PNAs as short as 10-mers were found to give ample signal (59) . The ability of short probes to hybridize efficiently and specifically could be useful when screening plaque lifts based on limited protein sequence information although this needs to be shown.
An alternative to Southern type analysis is the pre-gel hybridization technique (60) . The basic concept is to hybridize a PNA probe to a denatured double stranded target DNA prior to loading on the gel. This is in contrast to conventional Southern (and northern) blotting were the probing occurs after gel electrophoresis, denaturation, and membrane transfer. Pre-gel hybridization exploits the unique ability of PNAs to hybridize to complementary DNA and RNA targets under low salt conditions. Furthermore, as the PNA probe is uncharged excess PNA probe will not migrate in an electrical field and the electrophoresis therefore offers a facile separation of bound and unbound PNA probe. This allows for elimination of most of the steps involved in Southern hybridization. With this technique effective single basepair specificity has been demonstrated even though there are no stringency washes involved in the procedure (60). However, pre-gel hybridization cannot be used directly on genomic samples to detect a single copy genes because of the complexity of the genome and the relative low amount of the actual target present. One way to address the enormous complexity of a genomic sample is to use two PNA probes targeted to the same fragment. While coincidence detection addresses the issue of specificity effectively the detection limit requirements also changes dramatically (61) .
There are few applications where the advantage of PNA probes is as apparent as for in situ hybridization (62, 73) . In the typical in situ probing experiment of chromosomes, PNA probes offer faster hybridization, higher signal, and better specificity. Typically a set of longer DNA probes with multiple labels can be substituted by a single PNA 15-mer carrying a single label (63) . In general, using only one short probe improves the ability to discriminate between closely related sequences. With PNA probes the higher intrinsic specificity also adds to the overall specificity of the assay. Additional benefits of using PNA probes are lower background and indefinite stability of the probe solutions.
The benefits of using PNAs as hybridization probes are also seen in affinity capture and reverse dot blot applications. A most convincing set of data was generated using a His 6 -tag on PNA and nickel-NTA as the capture support (64, 73) . Using this system it was demonstrated that PNA capture proceeds with very high efficacy while maintaining efficient single base pair discrimination. This work has been expanded to include general DNA capture via the bis-PNAs (73) . Likewise hybridization PNA-based biosensors have been constructed (65) . These devices generate an electric signal in the presence of a complementary oligonucleotide.
Although unmodified PNA oligomers cannot be used as a primers in PCR and other amplification techniques, the improved hybridization characteristics of PNA can still be exploited in the so-called PCR clamping technique (73) . PNA oligomers can block extension of a DNA primer by competing for binding at or around the primer site. It has been demonstrated that the superior specificity of the PNA competition probe results in an assay that allows for the detection of possible single base pair differences (66) . This technique was the first indication of the role that PNA might come to play as a molecular biology tool. Today PNA induced PCR clamping is widely used (73) .
Concluding Remarks
It is our hope that this review has given a broad overview of the history, properties as well as a sense of the many types of applications in which PNA may find a use. More detailed information can be found in several recent reviews on PNA (67) (68) (69) (70) (71) (72) (73) .
